Introduction {#s1}
============

Airways diseases are increasingly important causes of morbidity and mortality globally. Asthma prevalence increased markedly in recent decades, now affecting more than 300 million people worldwide and resulting in 1000 deaths each day \[[@C1]\], a figure comparable to deaths from malaria \[[@C1]\]. Likewise, chronic obstructive pulmonary disease (COPD) prevalence increased by 44% between 1990 and 2015, to 170 million people \[[@C2]\]. Despite major advances in treatment, particularly through guideline-directed increase in inhaled corticosteroid (ICS) use in asthma, there remain a significant number of patients for whom current treatment strategies are ineffective \[[@C3]\].

Where previously all patients were treated as though there was one unifying pathological process driving disease, there is now an appreciation of multiple asthma phenotypes, and that each may require different treatments according to each individual patient\'s underlying pathology \[[@C4]\]. Nonhierarchical clustering of multiple clinical and biological measurements identifies different asthma phenotypes with differing inflammatory patterns \[[@C5]\]. Histological analysis of sputum cells reveals distinct inflammatory subtypes: eosinophilic, neutrophilic, mixed granulocytic, and paucigranulocytic \[[@C6]\]. The most studied group is eosinophilic inflammation, which is driven by type 2 (T2) inflammation. T2 inflammation is characterised by expression of the cytokines interleukin (IL)-4, IL-5 and IL-13, which drive differentiation, maturation and maintenance of eosinophils, and their recruitment to the airways. There are a number of highly effective treatments for this phenotype, ranging from ICSs and oral corticosteroids to novel biologic therapies targeting these cytokines. However, people with asthma with other inflammatory phenotypes, especially neutrophilic sputum, are resistant to these treatments \[[@C7], [@C8]\].

The pathological mechanisms driving neutrophilic inflammation are not fully elucidated. Neutrophilic asthma has been associated with increased bacterial airway colonisation \[[@C9]\], and with increases in CXCL8, neutrophil elastase, neutrophil extracellular trap components \[[@C10], [@C11]\], and of caspase 1 and IL-1β, related to NLRP3 inflammasome activation \[[@C10], [@C11]\]. Neutrophilic inflammation is often associated with IL-17 cytokines, which induce epithelial cells to release chemokines and cytokines that attract neutrophils to the site of inflammation \[[@C12]\]. Additionally, IL-17A plays an important pathogenic role in rheumatological conditions particularly psoriasis and ankylosing spondylitis \[[@C13]\]. There are numerous reports correlating an excess of IL-17A with more severe forms of asthma \[[@C14]--[@C17]\].

In this review, we provide a summary of IL-17 biology, including its critical, protective function against bacterial and fungal infections. We explore the diverse members of the IL-17 family, their different receptors, their cellular sources, and their regulation. We examine the role of IL-17 in other diseases, and how this knowledge might enhance our understanding of airways diseases. We provide a comprehensive review of the evidence associating IL-17 with asthma, including recent data from the U-BIOPRED collaborative, and we challenge the assumed directionality of this association. We critically appraise the new paradigm of a reciprocal relationship between T2 and type 17 (T17) biology, and discuss why T17-targeted interventions trialled to date have proved ineffective. We propose the hypothesis that IL-17 may play a predominantly protective role in asthma and conclude by summarising the evidence for the role of IL-17 in asthma, posing questions that must be answered before we can be confident that it has a dominant causal role in disease pathology.

IL-17 {#s2}
=====

Since the early 1990s a dominant paradigm has been of an inappropriate activation of T2 T-helper (Th2) cells causing atopic asthma, with reciprocal inhibition of type 1 cytokine-secreting T-helper (Th1) cells \[[@C18]\]. However, more recently, other T-cell subsets and types of inflammation have been recognised. Among these T-helper 17 (Th17) cells, inflammation characterised by release of IL-17A appears important in defence against extracellular bacteria and fungi \[[@C12]\]. Originally named CTLA8, IL-17A was first cloned in 1993 with the gene for its archetypal receptor, IL-17RA, cloned 2 years later. In 2005, Th17 cells were identified in mice as a distinct lineage of cluster of differentiation 4^+^ (CD4^+^) T-cells \[[@C19], [@C20]\], characterised by expression of IL-17A under the influence of the master transcription factor retinoic acid receptor-related orphan receptor γt (RORγt) and downstream signalling *via* Act-1 \[[@C12]\] ([figure 1](#F1){ref-type="fig"}).

![Signalling pathways following interleukin (IL)-17 binding its cognate receptor, IL-17R. Both stimulatory (blue arrows) and inhibitory (red arrows) regulatory pathways are shown. ASF: alternative splicing factor; MAPK: mitogen-activated protein kinase; GCSF: granulocyte colony-stimulating factor; AMP: antimicrobial peptide.](00364-2019.01){#F1}

IL-17 family cytokines {#s2a}
----------------------

In humans, IL-17A is a 155-amino acid secreted glycoprotein, representing a family of homologous proteins \[[@C21]\]. IL-17F is most similar in structure and function to IL-17A, sharing 50% sequence homology and consisting of 158 amino acids. Interestingly, these cytokines form both homodimers and a heterodimer, each with differing levels of potency. As measured by downstream gene activation, the most potent is IL-17AA followed by IL-17AF and finally IL-17FF \[[@C22]\]. The significance of this remains unclear. Th17 responses *via* IL-17A and IL-17F are particularly involved in antimicrobial defence against extracellular pathogens such as bacterial and fungal infections. Uptake, processing and antigen presentation of such pathogens induces naïve Th0 cells in lymph nodes to differentiate into Th17 cells. Th17 cells migrate to the subepithelial space where, on pathogen recognition, they release IL-17 cytokines, which trigger antimicrobial responses in nearby cells, for instance epithelial release of CXCL8, a neutrophil chemokine, and β-defensin, an antimicrobial peptide that disrupts the stability of the microbial membrane.

Other members of the IL-17 family include IL-17B, IL-17C, IL-17D and IL-17E (now known as IL-25), and though they are classified as members of the same family, they have very different functions.

IL-17C is most abundantly released by epithelia after stimulation by IL-1β, tumour necrosis factor (TNF), various pathogens or through cell damage *via* Toll-like receptors (TLRs) 2 and 5 \[[@C23]\]. Subsequent IL-17C release promotes IL-17A and IL-17F release from Th17 cells, and thus may be an early driver of T17 inflammation, and indeed its release precedes that of IL-17A and IL-17F \[[@C24]\].

IL-17E, now known as IL-25, promotes T2 rather than T17 inflammation. Instead, IL-25 regulates T17 inflammation through directly inhibiting macrophage IL-23 release, and promoting dendritic cell IL-13 production, which in turn inhibits dendritic cell release of IL-23, IL-1β and IL-6, important in T17-polarising cytokines \[[@C25]\].

As little is currently known about IL-17B and IL-17D in this review we will focus predominantly on IL-17A and IL-17F.

Cellular sources of IL-17 cytokines {#s2b}
-----------------------------------

There are multiple cellular sources of IL-17 cytokines; it is not yet clear which are dominant. IL-17A release defines the distinct CD4^+^ Th17 cell lineage \[[@C19], [@C20]\]. Their differentiation from naïve T-cells requires cognate antigen presentation on major histocompatibility complex (MHC) class II and a specific cytokine milieu \[[@C20]\]. These co-stimulatory cytokines released by the antigen-presenting cell include IL-6, IL-1β, transforming growth factor (TGF)-β, IL-21 and IL-23. IL-23 is essential for Th17 cell survival. IL-23 comprises two subunits, a unique p19 subunit and a p40 subunit shared with IL-12 \[[@C26]\]. As IL-12 causes differentiation of naïve T-cells into Th1 cells, therapeutic blockade of the IL-12/IL-23 p40 subunit causes inhibition of both T17 and type 1 inflammation. Transcription factors, stimulating and effector cytokines for each T-helper cell subtype are shown in [table 1](#TB1){ref-type="table"} \[[@C27]\].

###### 

Human T-helper (Th) cell subtypes

  **Type**    **Co-stimulatory cytokine**   **Transcription factors**      **Effector cytokines**                         **Target**
  ---------- ----------------------------- --------------------------- ------------------------------ --------------------------------------------------
  **Th1**                IL-12                    T-bet, STAT1                IFN-γ, TNF, IL-2         Intracellular bacteria, viruses and mycobacteria
  **Th2**                IL-4                     STAT6, GATA3               IL-4, IL-5, IL-13                     Extracellular parasites
  **Th17**               IL-23                    STAT3, RORγt          IL-17A, IL-17F, IL-21, IL-22           Extracellular bacteria and fungi

IL: interleukin; STAT: signal transducer and activator of transcription; IFN: interferon; TNF; tumour necrosis factor; RORγt: retinoic acid receptor-related orphan receptor γt.

In addition to Th17 cells, other cell types release IL-17A, many sharing with Th17 cells a dependence on IL-23, the master transcription factor RORγt and expression of the chemokine receptor CCR6 \[[@C28]--[@C30]\].

MHC class I-restricted CD8^+^ T-cells releasing IL-17A (Tc17 cells) are found in the lungs of mice challenged with influenza A \[[@C31]\]. Moreover IL-17A is a dominant cytokine produced by a range of unconventional T-cells. These include γδ; T-cells, which comprise a functionally diverse group of cells restricted by a range of nonclassical MHC-like molecules \[[@C18]\]. The Vγ4^+^ subset particularly sequesters to the lung and produces IL-17A. In murine models of ovalbumin (OVA)-induced allergic inflammation γδ;17 are more prevalent than Th17 cells \[[@C32]\]. Adoptive transfer of γδ; T-cells is protective against allergen-induced airway hyperresponsiveness (AHR) and enhances resolution of eosinophilic T2 inflammation. Blocking γδ; T-cells exacerbates injury whilst transfer of Th17 cells or IL-17-deficient γδ; T-cells has no effect.

Natural killer T (NKT) cells, which recognise glycolipids presented on CD1d, also release IL-17A. IL-17A-producing NKT cells are elevated in a murine model of ozone-induced AHR, and are associated with increased airway neutrophils \[[@C33]\]. Blocking CD1d prevents ozone-induced AHR. Interestingly allergen-induced AHR does not result in an increase in NKT-17 cells, implicating IL-17A in some but not all mechanisms of AHR.

Mucosal-associated invariant T (MAIT) cells are a major unconventional T-cell subset defined by a semi-invariant T-cell receptor, like invariant NKT cells, but restricted by MHC-related protein-1 (MR1), and including CD8^+^, CD4^+^ and double negative subsets. MAIT cells highly express RORγt and are strong IL-17 producers \[[@C34], [@C35]\]. They can respond to a wide variety of bacterial and viral pathogens, so MAIT-derived IL-17 may protect against mucosal bacterial and *Candida* infections. Recent work in humans and mice has shown that activated MAIT cells promote epithelial wound repair \[[@C36], [@C37]\], which may be a dominant function in damaged airways. Indeed, while activated MAIT cells produce copious amounts of IL-17A, and to a lesser extent IL-17F, during an acute infection, after resolution of infection IL-17A expression is downregulated and IL-17F becomes predominant \[[@C36]\], which could reconcile discrepant observations from murine models in which IL-17 molecules appear to be either proinflammatory or proresolution in different contexts and at different time points.

Innate lymphoid cells are innate immune cells derived from a common lymphoid precursor, which express a range of natural cytotoxicity receptors, but do not express antigen-specific B-cell or T-cell receptors \[[@C38]\]. The ILC3 subset is defined by expression of RORγt, the capacity to produce IL-17A and responsiveness to IL-1β and IL-23. Preliminary data show ILC3 being detected in bronchoalveolar lavage (BAL) in humans \[[@C39]\], and an ILC3 gene signature being increased in nasal epithelium in asthma \[[@C40]\].

Bone-marrow-derived neutrophils both produce and respond to IL-17A \[[@C41]\]. IL-6 and IL-23 are required for this expression, and interestingly these cytokines also induce DECTIN2, a pattern recognition receptor, which augments IL-17 receptor expression, allowing neutrophil-derived IL-17A to act as in a paracrine manner, recruiting further neutrophils *via* epithelial CXCL8.

Likewise, B-cells produce IL-17A and IL-17F. IL-17A is released earlier (induced by TGF-β and IL-23 at 24--48 h) and IL-17F later, being more dependent on IL-23 and IL-6 at 72 h. Given the decreasing hierarchy of potency, from IL-17AA to IL-17AF to IL-17FF, IL-17F may act later as a negative regulator of the otherwise potently proinflammatory IL-17A \[[@C42]\].

Other cell types, including macrophages, also release IL-17A, but this may be related to their endocytic capacity rather than *de novo* IL-17A synthesis \[[@C12]\].

Overall diverse cell types produce both IL-17A and IL-17F, but they may be responding to different cytokines and may differ in the kinetics and quantities they release. How these differences contribute to normal biology and to immune pathology is unclear.

What are the main cellular targets of the IL-17 cytokines? {#s2c}
----------------------------------------------------------

IL-17 cytokines act on numerous cells, with different IL-17 family members signalling through different receptor subtypes, potentially inducing differential effects in different tissues. IL-17RA is the obligate co-receptor to which other IL-17R subtypes bind. IL-17A and IL-17F signal through the IL-17RA--IL-17RC receptor; IL-17C through IL-17RA--IL-17RE; and IL-17B and IL-17E through IL-17RA--IL-17RB. The receptor for IL-17D is unknown \[[@C43], [@C44]\].

IL-17 receptors are widely expressed in lung tissues. Polarised lung epithelium responds to IL-17A and IL-17F but only on the basolateral surface due to the surface-specific expression of IL-17RA and IL-17RC \[[@C45], [@C46]\]. In children with severe treatment-refractory asthma IL-17RA-positive cells are enriched in the submucosa and epithelium, and stimulation of their primary bronchial epithelial cells with IL-17A enhances mRNA expression of IL-17RA and IL-17RC \[[@C47]\].

Airway smooth muscle cells express IL-17RA and IL-17RC. IL-17A drives proliferation, migration and contraction of airway smooth muscle \[[@C48]--[@C50]\]. Blocking IL-17RA or IL-17RC alone partially inhibits IL-17A/IL-17F-induced airway smooth muscle cell migration \[[@C50]\]. Blocking IL-17RA is more effective at inhibiting migration induced by IL-17A than IL-17F and blocking IL-17RC is more effective for IL-17F than IL-17A. Blocking both receptors results in full inhibition of smooth muscle migration induced by either cytokine, an effect mediated partly through the intracellular signalling kinase p38-MAPK.

Human lung endothelial cells also express IL-17RA and IL-17RC, and release the neutrophil chemoattractant CXCL1 in response to both IL-17A and IL-17F \[[@C51]\]. Likewise, human eosinophils express both IL-17RA and IL-17RC, releasing neutrophil chemokines in response to IL-17 stimulation \[[@C52]\]. In advanced COPD IL-17RA and IL-17RC expression is increased in mast cells. High concentrations of IL-17A induce proangiogenic factors from these cells, potentially contributing to vascular remodelling \[[@C53]\].

Although many lung cells express IL-17RA and IL-17RC receptors no comprehensive studies have explored the differential expression of these receptors in the lungs in airways disease.

IL-17 signalling pathways and regulation {#s2d}
----------------------------------------

IL-17RA binds the adapter Act-1, which then signals *via* two distinct pathways \[[@C54]\]. In its "canonical" response, Act-1 ubiquitylates the receptor TRAF6, resulting in NF-ĸB and MAPK activation, which subsequently activate cell signalling proteins ERK, p38-MAPK and JNK ([figure 1](#F1){ref-type="fig"}). These directly activate IL-17 target genes. In its "noncanonical" pathway Act-1 activates TRAF2 and TRAF5, which sequester the RNA destabiliser SF2 \[[@C12]\], preventing degradation of unstable inflammatory chemokine mRNA transcripts \[[@C55]\]. Therefore IL-17 may have a complex role in driving inflammation, as it induces some inflammation on its own but has a more profound effect in synergy with other inflammatory cytokines by prolonging the half-life of their mRNAs.

Negative feedback is provided by TRAF3 and TRAF4 competitively binding IL-17RA in place of Act-1, and by A20 which is released downstream of IL-17R stimulation and deubiquitylates TRAF6 \[[@C56]\]. As IL-17A stimulation increases neutrophil apoptosis \[[@C57]--[@C59]\] IL-17A may also regulate neutrophilic inflammation, preventing excessive accumulation of neutrophils and associated bystander damage. This is supported by evidence from a sepsis model, where intravenous *Staphylococcus aureus* induced more IL-23 in IL-17A knockout mice than in wild types \[[@C60]\]. It is often assumed that IL-17 is proinflammatory, perhaps because it is known to be elevated during infections, but it may also have significant anti-inflammatory effects, which might even be their predominant action in some physiological contexts.

IL-17 functions {#s2e}
---------------

The predominant roles of IL-17 cytokines are considered to be in maintaining the integrity of the epithelial surface barrier, and in responding to extracellular bacteria and fungi through the recruitment of neutrophils and the release of antimicrobial peptides. Multiple genes are activated upon stimulation of the IL-17 receptor, including the neutrophil chemo-attractants CXCL1, CXCL5, CXCL8 (IL-8) and CCL2 \[[@C61]--[@C63]\]; granulocyte--macrophage colony-stimulating factor, which drives neutrophil production in the bone marrow \[[@C64]\]; CCL20, which recruits CCR6^+^ cells producing IL-17A \[[@C65]\]; claudin, important for epithelial tight junction integrity \[[@C66]\]; and antimicrobial peptides including β-defensins, S100 proteins and Lipocalin-2 \[[@C67]\].

IL-17 in other inflammatory diseases {#s2f}
------------------------------------

Many diseases have been linked with dysregulated IL-17 signalling. Psoriasis and inflammatory bowel disease share underlying chronic inflammation and dysregulation of the epithelial barrier with airways diseases.

### Psoriasis {#s2f1}

Psoriasis was initially considered a Th1-driven disease. The type 1 cytokines interferon (IFN)-γ and TNF, are elevated in psoriatic lesions \[[@C68]\] and blocking IL-12-driven Th1 differentiation through IL-12/IL-23 p40 inhibitors proved clinically effective \[[@C69]\], although this was before the role of IL-23 in the development of Th17 cells was appreciated. However, more recently, data from genetic studies, mouse models, pathway analysis and therapeutic trials suggest that T17 inflammation is the dominant process.

In mice, IL-23 blockade is effective at blocking the IL-12/23 p40 subunit \[[@C70]\], implying that it is the IL-23 component that is pathogenic. Likewise, mice lacking IL-17RA are as resistant to psoriasis induced by the TLR7/TLR8 ligand imiquimod as those receiving IL-23 blockade \[[@C71]\].

In humans, IL-17A, IL-17F and IL-17C are elevated in active psoriatic lesions \[[@C23]\]. In genetic studies, risk alleles upstream and downstream of IL-17 expression are associated with psoriasis \[[@C72]\].

Biologics targeting the IL-17 pathway are highly effective in psoriasis. In addition, IL-12/IL-23 p40 blockade induces early reductions in IL-23 and IL-17A, with later reductions in Th1-associated genes \[[@C73]\]. IL-23 p19 blockade is also effective \[[@C74]\], as is IL-17A blockade by secukinumab and ixekizumab or IL-17RA blockade by brodalumab \[[@C75]\]. Furthermore, clinical response correlates with serum IL-17AA homodimer levels, with a decrease in serum IL-17AA levels of almost 60% in treatment responders at week 12, but only 16% in nonresponders \[[@C76]\]. IL-17A may also have a pathological action in atopic dermatitis, where it impairs the epidermal tight junction barrier \[[@C77]\].

### Inflammatory bowel disease {#s2f2}

In contrast to psoriasis, IL-17 may play a protective role in inflammatory bowel disease (IBD). In animal models, adoptive transfer of IL-17-deficient T-cells exacerbated disease and IFN-γ release \[[@C78]\]. Likewise, IL-23p19-deficient mice had worse disease, with low IL-17 levels and high IFN-γ levels, whilst antagonism of the IL-12/IL-23 p40 subunit (hence IL-12 and IL-23) reduced colitis \[[@C79]\]. An additional protective mechanism of IL-17A may be reciprocal inhibition of Th1-derived IFN-γ.

Consistently with this, naïve T-cells co-cultured with dendritic cells from Crohn\'s disease express high IFN-γ and only minimal IL-17A \[[@C80]\]. Therapeutic IL-17 blockade in psoriasis is associated with increased frequency of IBD exacerbations in patients with pre-existing IBD \[[@C81]\], and is potentially associated with *de novo* IBD onset \[[@C82]\]. Anti-IL-17A biologics provided no clinical benefit in IBD and may have increased exacerbations \[[@C83], [@C84]\]. Therefore, increased submucosal IL-17A observed in IBD \[[@C85]\] may represent not a pathological, but rather a protective response to epithelial damage and subsequent commensal invasion.

Thus IL-17A and IL-17F are important in maintaining the barrier function of epithelial cells, for epithelial repair and countering bacterial invasion. The marked differential efficacy of IL-17 blockade in psoriasis *versus* IBD derives from the differing underlying pathobiologies: psoriasis results from pathologically increased IL-17 signalling, inducing hyper-proliferation and aberrant differentiation of keratinocytes, whereas in IBD, IL-17 signalling is protective against commensal bacterial invasion.

IL-17 in asthma {#s2g}
---------------

Asthma has been linked with IL-17 dysregulation by genetic analyses, clinical associations, *in vitro* studies and murine models. Human IL-17 gene polymorphisms are associated with asthma in diverse populations \[[@C86]--[@C88]\]. IL-17A was originally proposed to contribute to airway neutrophilia, which characterises the neutrophilic phenotype \[[@C6], [@C89]--[@C91]\] based on *in vitro* studies demonstrating that human bronchial epithelial cells stimulated with IL-17A expressed more CXCL8 mRNA, which was chemotactic to neutrophils \[[@C92]\]. IL-17A also stimulates expression of the mucin MUC5B, potentially implicating it in airway remodelling \[[@C93]\].

Several groups reported preliminary associations between IL-17A and human asthma. M[olet]{.smallcaps} *et al.* \[[@C94]\] found more IL-17A^+^ cells in BAL and sputum of 11 people with asthma than seven healthy controls and showed that *in vitro* dexamethasone reduced IL-17A-induced IL-6 release from airway fibroblasts. B[arczyk]{.smallcaps} *et al.* \[[@C95]\] found a possible, modest negative correlation of sputum IL-17A and AHR, though no significant differences overall between asthma and health. S[un]{.smallcaps} *et al.* \[[@C96]\] reported increased sputum IL-17A correlating with disease severity and with sputum neutrophils, CXCL8 and myeloperoxidase. Blood IL-17 levels also correlated with airway neutrophils. Another group reported a correlation between sputum IL-17A mRNA and sputum neutrophils \[[@C15]\].

Similarly, some bronchoscopy studies report increases in airway tissue IL-17 inflammation. An immunohistochemistry study of bronchial biopsies found a correlative increase in IL-17A and IL-17F in people with increasing asthma severity \[[@C14]\], with two studies reporting double-positive IL-4/IL-17-producing T-cells in patients with severe asthma \[[@C30], [@C97]\]. A further study showed increased numbers of IL-17-secreting ILC3s in the sputum of patients with severe asthma \[[@C39]\]. However, such weak clinical associations from these small studies have not been replicated consistently. In a large bronchoscopy study of 84 volunteers, we found no evidence of increased IL-17A protein in asthma in serum, sputum or BAL \[[@C98]\]. Furthermore using intracellular cytokine staining on activated T-cells we found no significant differences in frequencies of Th17 or γδT17 cells between patients with asthma and healthy people in peripheral blood, sputum, BAL or bronchial biopsies at stable state, nor did we observe significant differences in peripheral blood or sputum Th17 cell frequencies during an exacerbation \[[@C98]\].

Exacerbations are a major cause of morbidity and mortality in asthma \[[@C99]\]. Most are induced by viruses and characterised by neutrophilic inflammation \[[@C100], [@C101]\] implicating Th17 cells. Diesel fume exposure is associated with elevated serum IL-17 in childhood asthma, and cigarette smoke with elevated IL-17A and neutrophilic inflammation in asthma \[[@C102], [@C103]\]. One immunohistochemical study found bronchial IL-17F^+^ cells correlated with both airway neutrophils and asthma exacerbation rates, with IL-17F co-localising with Th and cytotoxic T-cells \[[@C16], [@C104]\]. Using flow cytometry in 19 children, the frequency of circulating MAIT-17 cells was threefold higher in asthma exacerbators than in nonexacerbators and there were modest correlations positively with the number of severe exacerbations and negatively with symptom scores \[[@C104]\].

Murine models of allergic airways disease link IL-17A with a cardinal physiological feature of asthma, AHR \[[@C105]--[@C107]\]. Mice sensitised to OVA by inhalation, but not intraperitoneally, developed strong airway Th17 cell responses, associated with AHR, which was less prominent in *IL17ra*^−/−^ mice \[[@C106]\]. Likewise, Th17-dependent AHR could be induced by epicutaneous sensitisation to OVA, and again, not *via* intraperitoneal injection \[[@C107]\], underlining the importance of the barrier epithelium in the development of these responses. Using inhaled dust mite allergen, C[hesne]{.smallcaps} *et al.* \[[@C105]\] induced airway Th2 and Th17 cells, and found anti-IL-17A antibody slightly reduced AHR, whilst IL-17A had a direct contractile effect on airway smooth muscle. Mice deficient in Th17 cells were resistant to developing AHR, despite normal IL-17A-producing γδ; T-cells \[[@C48]\]. Conversely, in another study \[[@C32]\] γδ; T-cells were important in reducing AHR at the point of allergic inflammation, an effect independent of conventional Th17 cells, suggesting that Th17 cells may be associated more with pathology and γδ; T-cells with bronchial homeostasis, perhaps dependent on the timing of Th17 induction.

In humans, IL-17A (and not IL-17F) enhanced smooth muscle cell contractility with methacholine, suggesting that IL-17A may drive hyperresponsiveness \[[@C48]\]. I[rvin]{.smallcaps} *et al.* \[[@C97]\] reported a weak negative correlation (r= −0.35) between BAL IL-17A and forced expiratory volume in 1 s (FEV~1~), and a moderate negative correlation between frequencies of dual Th2/Th17 in BAL and AHR (r= −0.52). As IL-17F is produced later in an inflammatory response it may be important in modulating the proinflammatory function of IL-17A. IL-17A also stimulates human bronchial epithelial production of CCL28, which increases chemotaxis of IgE-containing B-cells, potentially important in allergic inflammation \[[@C108]\].

A recent large analysis from the U-BIOPRED cohort used whole-genome transcriptomics on epithelial brushing and bronchial biopsy specimens in 91 people with asthma and 46 healthy controls \[[@C109]\]. They found an IL-17 gene signature in 22 of 91 patients\' bronchial biopsies, and an IL-13 gene signature in 9 patients. The IL-17-high group were characterised by frequent exacerbations, airway neutrophilia, and decreased lung microbial diversity. Differentially expressed pathways in IL-17-high asthma were shared with those reported as altered in psoriasis and included genes regulating epithelial barrier function and defence mechanisms, such as *IL1B*, *IL6*, *CXCL8*, and β-defensin.

Currently it remains unclear whether IL-17 is driving asthma pathology in a particular subset of patients, or whether it is present as a response to some other cause, such as epithelial damage related to the underlying asthma, or an increased bacterial airway colonisation present in those with asthma.

IL-17 and corticosteroids in airways disease {#s2h}
--------------------------------------------

Corticosteroids are effective in reducing symptoms and exacerbations in asthma, and have multiple anti-inflammatory effects. However non-eosinophilic asthma is less responsive to corticosteroids \[[@C7], [@C110]\]. IL-17 could contribute to this corticosteroid insensitivity through several processes ([figure 2](#F2){ref-type="fig"}).

![Flow diagram exploring the putative links between elevated interleukin (IL)-17A levels and severe asthma. As is commonly supposed, IL-17A may drive a particularly severe form of the disease (1), or the reciprocal may be true that severe asthma results in elevated IL-17A levels, through for instance, the disruption and damage to the epithelial cell layer that is commonly seen in asthmatic airways (2). Given that, by definition, all people with severe asthma are on high-dose inhaled corticosteroids (ICS), it is possible that through ICS-induced suppression of local inflammation there is a predisposition to infection that causes an appropriate increase in IL-17A to combat that infection (3). Alternatively, IL-17A may induce corticosteroid resistance in the epithelium, requiring higher doses of ICS for the same effect (4). IL-17R: interleukin-17 receptor.](00364-2019.02){#F2}

In human cell lines, IL-17A reduced the sensitivity of epithelial cell TNF-induced CXCL8 production to budesonide, mediated by PI3K activation \[[@C111]\]. Th2 cells polarised *in vitro* transferred to OVA-sensitised mice caused increased eosinophilic inflammation, sensitive to dexamethasone \[[@C112]\]. Conversely in mice, transferred Th17 cells caused neutrophilic inflammation resistant to dexamethasone. Both cell types, however, induced AHR. Dexamethasone can also promote and maintain Th17 differentiation in mice *in vivo* \[[@C113]\] and Th cells from patients with steroid-resistant asthma produce higher levels of IL-17 than from patients with steroid-sensitive asthma or healthy controls \[[@C114]\].

We recently examined gene signatures in human bronchial epithelium and flow-sorted T-cells from sputum and BAL of 19 healthy control participants and 46 participants with asthma \[[@C115]\]. In mild, steroid-naïve asthma, the IL-13 response genes *POSTN*, *SERPINB2* and *CLCA1* were upregulated. This signal was suppressed in those with moderate asthma, which we attributed to their use of maintenance ICSs. In contrast, in severe, predominantly neutrophilic asthma a different gene profile was observed. TCN1 and MMP9 were upregulated, consistent with neutrophilia, as were IL-17-inducible chemokines (CXCL1, CXCL2, CXCL3, CXCL8, and CSF3) in sputum T-cells. A functional pathway analysis showed strong upregulation of innate defence-response genes, including *TLR2*, *CD14* and *JUN*, suggestive of a response to airway bacteria in these individuals driving both the neutrophilia, and the steroid-insensitive IL-17 responses.

IL-17A is also associated with steroid unresponsiveness in COPD, a disease more commonly associated with chronic bacterial airway infection. Analysis of airway epithelial cell brushings from patients with COPD from the GLUCOLD and SPIROMICS studies found upregulation of an 11-gene IL-17-induced gene signature in approximately one-third of patients with COPD, associated with increased airway obstruction and decreased response to corticosteroids \[[@C116]\]. Thus, IL-17 may either promote steroid-unresponsive disease, or constitute a protective response to bacterial infection. In particular, nontypeable *Haemophilus influenzae* (NTHi) is associated with COPD and with neutrophilic asthma \[[@C9], [@C117], [@C118]\] and induces IL-17-mediated airways inflammation in murine models \[[@C118]--[@C120]\]. In mice, Th17 cells may be protective against this bacterium \[[@C121]\]. Furthermore, in human asthma we have directly observed an *in vivo* BAL Th17 cell response to *H. influenzae* infection in the same BAL sample ([figure 3](#F3){ref-type="fig"}). We performed whole-genome metagenomic sequencing of BALF and paired measurement of BAL Th17 frequencies using intracellular cytokine staining in a cohort of 60 patients with asthma and 24 healthy subjects \[[@C98]\]. *H. influenzae* was identified as highly abundant in one individual with severe neutrophilic asthma, characterised by marked neutrophilia in sputum (71%) and BALF (68%) and a strikingly elevated Th17 frequency (11.3% of T-cells) in the same BALF sample, consistent with a direct, local Th17 cell response to the pathogen in the airways.

![Human airway bronchoalveolar lavage T-helper (Th)17 cell frequencies in health and asthma. Frequencies of live CD3^+^CD4^+^ interleukin (IL)-17-secreting (Th17) cells were measured using intracellular cytokine staining after *ex vivo* stimulation in peripheral blood mononuclear cells and bronchoalveolar lavage fluid (BALF) obtained from 60 patients with asthma and 24 healthy subjects \[[@C99]\]. In one individual in this cohort, *Haemophilus influenzae* was identified as a highly abundant pathogen by deep sequencing of BALF. This finding was also confirmed on routine culture of the same sample. This 63-year-old man exhibited marked neutrophilia in sputum (71%) and BALF (68%) and his Th17 frequency in the same BALF sample (red) of 11.3% of CD4^+^ T-cells was strikingly elevated above the group median (2.6%), representing the highest frequency observed in the study, consistent with a direct, local Th17 cell response to the pathogen in the airways. In the 12 months prior to the study, the subject had experienced 20 exacerbations requiring oral steroids. After initiation of long-term antibiotics following the culture result, they experienced a 1.1-point fall in asthma control score and suffered only one steroid-treated exacerbation in the next 18 months.](00364-2019.03){#F3}

IL-17A has been investigated in several murine models. In an OVA-induced allergic airways disease model, NTHi infection increased airway neutrophilia and IL-17-expressing pulmonary macrophages, neutrophils and T-cells \[[@C9], [@C118]\]. In a lipopolysaccharide (LPS) model of bacterial infection, LPS induced neutrophilia, BAL IL-17A and lymphatic Th17 cells, whereas IL-17A knockout mice exhibited worsened eosinophilic inflammation \[[@C122]\]. Similar IL-17-dependent airway neutrophilia was found in another allergen LPS model \[[@C123]\] and in a model using simultaneous challenge with LPS, elastase and respiratory syncytial virus, associated with IL-17-dependent mucus cell hyperplasia \[[@C124]\]. Because NTHi is an obligate human pathogen, an important limitation of these models is that they require short-term, high-dose infection, or chronic recurrent bacterial inoculations \[[@C125]\], but without the development of the chronic, persistent airway infection characteristic of NTHi in the human airways. Thus, further mechanistic studies require development of a model in which NTHi can persist spontaneously in the lower airways. Several limitations are frequently highlighted for murine models: asthma does not occur in animals (except perhaps cats and horses) \[[@C126]\], there are known differences between strains and immunisation protocols, and these protocols depend on unphysiological sensitisation procedures, generating inflammation more reminiscent of allergic alveolitis than asthma \[[@C127]\]. Thus, research in airways disease should avoid an overreliance on animal models, which can often be difficult to extrapolate to the complex and uniquely human disease of asthma.

Is there a reciprocal relationship between T2 and T17 inflammation? {#s2i}
-------------------------------------------------------------------

A recent human transcriptomic study postulated the hypothesis that IL-17-driven inflammation may be induced by corticosteroids \[[@C128]\]. The authors defined T2 and T17 epithelial gene signatures through quantitative PCR on epithelial cells stimulated *in vitro* with IL-13 or with IL-17A and TNF, and used this to analyse microarray data from endobronchial biopsies from 51 patients with asthma. T2 and T17 gene signature scores were negatively correlated and were mutually exclusive with no patient high in both signatures. These subgroups did not differ phenotypically in spirometry, airway hyperresponsiveness or exacerbation frequency. It was suggested that the T17 signature was associated with inhaled or oral corticosteroid use, whereas the T2 signature was only found in those patients with eosinophilic inflammation. The study did not report on bacterial airway colonisation.

In a murine model of allergic inflammation in the same report, selective blockers of the T2 pathway induced increase in tissue IL-17 expression in the lungs and lymph nodes and a proportional increase in pulmonary neutrophil frequencies, concomitant with a decrease in eosinophil frequencies in the lungs. This relative neutrophilia was prevented by simultaneous inhibition of both T2 and T17 pathways. The authors propose that in asthma, a predisposition to T2 inflammation is driven towards T17-mediated inflammation by corticosteroid therapy \[[@C128]\]. This hypothesis would have important implications for patients receiving type 2-targeting biologics, although the study has provoked some controversy \[[@C129], [@C130]\]. The three-group classification may be a simplification and lacks a validation cohort, measures of neutrophilic inflammation were not significantly different between groups, nor were ICS or oral corticosteroid use \[[@C128]\], whereas tissue eosinophils and other markers of T2 inflammation were prevalent in many patients classified as Th17-high \[[@C129]\].

Given this potential relationship between T2 and T17 inflammation, combined administration of anti-IL-13 and anti-IL-17A is being considered for patients with asthma. A mouse model of T2/T17-high asthma \[[@C131]\] suggests that at individually subtherapeutic doses, anti-IL-13 and anti-IL-17A, given in combination, limits asthma-like symptoms without induction of compensatory T17 responses. However, whether this will extend to humans is yet to be investigated. Even in mice, another report found that IL-13 blockade was effective without inducing the development of neutrophilic inflammation \[[@C132]\], and the neutrophilia observed in mice by C[hoy]{.smallcaps} *et al.* \[[@C128]\] may be partly due to the well-known direct effect of corticosteroids in promoting neutrophil mobilisation and survival. Moreover, the mutually exclusive T2/T17 findings of C[hoy]{.smallcaps} *et al.* are yet to be replicated in an independent validation cohort \[[@C133]\] or shown at protein level \[[@C129]\]. There are as yet no prospective clinical data showing development of T17 inflammation in people receiving blockade of T2 pathways. Whether such an increase T17 inflammation would be harmful is also unknown \[[@C130]\], and will be important to investigate.

Targeting IL-17 in airways disease {#s2j}
----------------------------------

To date there have been three studies targeting the IL-17 pathway in airways disease. Brodalumab, a biologic targeting IL-17 receptor, did not improve asthma symptoms or FEV~1~ in 302 patients with partially controlled moderate-to-severe asthma \[[@C134]\]. The study was negative for the primary outcome (p=0.37) of change in Asthma Control Questionnaire at 12 weeks, and for all secondary outcomes. The authors report an improvement in Asthma Control Questionnaire in the subgroup with high bronchodilator reversibility, but this was of small magnitude, without a dose--response effect across groups, and was based on a p-value of 0.02 in one of nine subgroup analyses, the other eight of which were negative. Importantly no statistical correction was made for these multiple comparisons. Moreover, this finding was also not confirmed in a subsequent, unpublished phase 3 study \[[@C135]\]. However, there was no stratification of patients in this study according to asthma inflammatory phenotype so any meaningful signal in a subpopulation may therefore have been missed.

In the second study, inhibition of CXCR2, the receptor for the neutrophil chemokine CXCL8, was trialled without success. Although an attempt was made at patient stratification, the criteria (blood eosinophils \<0.5×10^9^ cells per L, blood neutrophils \>2.7×10^9^ cells per L) would not have reliably predicted neutrophilic airway inflammation, again suggesting that a potentially important signal may have been lost \[[@C136]\]. This study is noteworthy in that it also reported exacerbation rates over a 12-month period. Indeed, the authors questioned the contribution that neutrophils make to the pathobiology of asthma severity or exacerbations, except in the context of infective exacerbations. Arguably as a primary outcome for a trial, changes in FEV~1~ are of much less clinical relevance to patients than changes in frequencies of exacerbations, which are responsible for the majority of morbidity in asthma, which are more likely to be linked to changes in airway inflammation induced by IL-17 modulation, and which have proved to be highly effective outcomes in trials of ICSs and T2 biologics.

The third study was a placebo-controlled trial of an anti-IL-17 (CNTO 6785) in COPD \[[@C137]\], randomising 93 patients to treatment and 94 to placebo, with the primary end-point of FEV~1~ change at week 16 and secondary end-points of rescue medication use, quality of life and exacerbations. No end-points showed statistically significant differences. A small improvement in FEV~1~ % predicted in patients with frequent exacerbations was neither statistically nor clinically meaningful; however, this study is limited by the short duration of treatment and a low baseline exacerbation rate.

Of relevance to the suggested reciprocal relationship between T2 and T17 pathologies, a recent phase 1 trial of a humanised bispecific IgG4 antibody that binds and neutralises IL-13 and IL-17AA, IL-17AF and IL-17FF recently reported results \[[@C138]\]. Although the drug showed satisfactory tolerability, the study was terminated early due to frequent antidrug antibodies.

Conclusions {#s3}
===========

Several questions related to IL-17 in asthma remain outstanding. Firstly, can a group of patients with severe asthma driven by IL-17 be identified, and is their pathology stable over time? Secondly, what are the dominant cellular sources of IL-17 in asthma? Thirdly, does the biology of patients with T2-associated eosinophilic inflammation change to T17-associated neutrophilic inflammation in response to treatments targeted against T2 pathways? Fourthly, will targeting IL-17 in asthma with elevated IL-17 levels result in reduced inflammation and symptoms, or be ineffective, or even predispose to further infections and worse symptoms. Clearly, further studies addressing these questions are mandated, given the central role of the IL-17 family in mucosal barrier immunity.
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